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Abstract
We report on Raman scattering measurements of the A-site ordered YBaMn2O6 in the wide
temperature range of 10 − 650 K. Upon cooling almost all phonon modes show pronounced tem-
perature dependencies of frequency, linewidth, and scattering intensity. This suggests that the
octahedra tilting degrees, Mn-O bond angles and lengths vary with temperature in a concerted
way. The remarkable feature is that the high-temperature metallic and the charge and orbital
ordered (CO-OO) states coexist down to TN=195 K. In the antiferromagnetic state zone-folded
modes are induced by the CO-OO superstructure and the phonon modes undergo an anomalous
softening and narrowing. Our results evidence that the CO-OO state is stabilized by the spin
ordering for temperatures below TN .
PACS numbers: 71.45.Lr, 76.60.Gv, 61.72.Hh
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Over the last decade the manganese perovskites R1−xAxMnO3 (R=rare earth, A=alkaline
earth) have attracted intense theoretical and experimental attention in condensed matter
physics because of the discovery of colossal magneto-resistance and intrinsic electronic phase
separation.1,2,3 The rich complexity based on structural, electronic, magnetic, and orbital
degrees of freedom leads to a vast variety of phases such as paramagnetic insulating, fer-
romagnetic metallic and charge-ordered antiferromagnetic phases as a function of doping
and/or temperature. The stability of these phases relies strongly on the A-site ionic size
(the tolerance factor f) and randomness.
In contrast to the ionic size of the A-site cations, the degree of disorder can hardly be
controlled at finite x because R3+ and A2+ ions are randomly distributed in the lattice.
This puts an obstacle to the understanding of the role of the A-site order/disorder for the
complex phase diagram. Recently, a controlled occupation of the R3+ and A2+ ions has been
achieved in the case of half-substituted systems R1/2A1/2MnO3, which can be successfully
synthesized as RBaMn2O6 (R=Y,Tb,Sm).
4,5,6,7,8,9,10,11,12,13,14 This new class of metal-ordered
double perovskites enables us to compare in detail ordered with disordered manganites.
The RBaMn2O6 compounds have a tetragonal structure, P4/mmm. The MnO2 square
layers are stacked alternately by RO and BaO layers along the c axis. The big difference
of the ionic radii between Ba2+ and R3+ introduces novel structural aspects; (i) strongly
distorted MnO6 octahedra and (ii) an their anomalous tilting. This is contrasted by the
disordered R0.5Ba0.5MnO3 which has a primitive cubic structure without a tilting of the
MnO6 octahedra. The disordered compound has a spin glassy ground state and semicon-
ducting behavior.5 In contrast, the ordered compounds exhibit a transition from a metallic
to a charge-ordered (CO) state at high temperatures and an antiferromagnetic ground state.
This suggests that the absence of the A-site disorder stabilizes the CO phase while suppress-
ing magneto-resistance effects.9
Hereafter, we focus our attention on YBaMn2O6, which shows the highest orbital, charge,
and antiferromagnetic ordering temperatures among RBaMn2O6.
6 It undergoes three suc-
cessive transitions. First, a first-order structural phase transition takes place from a pseudo-
orthorhombic to a pseudo-tetragonal state at Tt = 520 K from the paramagnetic metallic
states (PM1 to PM2). Second, a metal-insulator transition (MIT) occurs at TCO = 480 K
from the PM2 to paramagnetic insulating (PI) state. Third, the PI state transits to an
antiferromagnetic ordered (AFI) state at TN = 195 K. Two different models have been
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proposed for the concomitant charge and orbital ordering (CO-OO). In the ionic model
the simple Mn3+/Mn4+ rock-salt-type order is accompanied by the ferro-orbital ordering in
which dz2-type Mn
3+ ions are arranged in a parallel fashion.10 The alternative Zener po-
laron ordering picture supports a formation of ferromagnetic plaquettes consisting of four
Mn atoms between TN < T < TCO, which evolves into a noncollinearly ordered state.
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In this brief report we investigate charge and lattice dynamics by Raman spectroscopy,
which is sensitive to orbital order and structural changes via optical phonons. We find
the coexistence of the metallic and CO-OO states over a wide temperature range and the
stabilization of the new CO-OO pattern by spin ordering.
Polycrystalline samples of YBaMn2O6 were prepared by a conventional solid state reac-
tion. Raman scattering measurements were performed in a quasi-backscattering geometry
with the excitation line λ = 514.5 nm of an Ar+ laser. The incident power of 10 mW avoids
significant heating and irradiation effects. Raman spectra were collected by a DILOR-XY
triple spectrometer and a nitrogen cooled charge-coupled device detector. The high tem-
perature measurements from 300 K to 650 K were carried out using a heating stage under
vacuum.
Figure 1 displays representative Raman spectra of YBaMn2O6 in four different states.
In the high-temperature paramagnetic state we resolve 11 phonon modes in the frequency
range up to 700 cm−1. In spite of metallic conductivity, the 183-, 235-, and 446-cm−1
modes are intense and sharp. This is due to the strong distortions of the MnO6 octahedra
including tilting. We note that although the real lattice symmetry is lower than the cubic
perovskite structure, the main phonon bands can be largely classified in terms of the three
cubic groups.15 The low-energy external modes of 183 and 235 cm−1 are characterized by
rotational vibrations of the MnO6 octahedra and are sensitive to the tilting of the MnO6
octahedra. The mid-frequency bending mode of 446-cm−1 is susceptible to a change in the
Mn-O bond angles. The high-energy stretching modes of 526 and 640 cm−1 are assigned to
the Jahn-Teller and breathing modes, respectively. Both modes are weak due to the itinerant
character of Mn3+ related states. With decreasing temperature through the CO state both
modes become dominant. This roughly agrees with an earlier study of SmBaMn2O6 that
focussed on the Jahn-Teller mode in the transition regime.8 More significantly, the Raman
spectra resemble those of the CE-type state of the layered manganite La1/2Sr3/2MnO4.
16 This
indicates that the CO-OO accompanies both Jahn-Teller and breathing mode type lattice
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FIG. 1: Representative Raman spectra of YBaMn2O6 in four different ordered states: the para-
magnetic metallic state (PM1) at T=650 K, the paramagnetic metallic state (PM2) at 500 K, the
paramagnetic insulating state (PI) at 300 K, and the antiferromagnetic (AFI) ordered state at
10 K. The spectra are vertically shifted for clarity.
distortions. In addition, the CO-OO activates new phonon modes. As a consequence, we
can resolve 24 phonon modes at T=10 K.
We turn next to the pronounced multiphonon scattering in the frequency range of 850−
1700 cm−1. The higher-order bands correspond to overtones and combinations of the 537
and 644 cm−1 modes. Since the multiphonon modes are present even in the metallic state,
they are not caused by orbital ordering. This was discussed as the origin of the multiphonon
scattering in LaMnO3.
15 With decreasing temperature below the AFI state, the higher-order
phonon bands are better resolved with several fine structures. This reflects the formation of
a superstructure related to CO-OO. In addition to the contribution of the orbital dynamics
we have also to consider resonance Raman scattering. To differentiate between the latter two
contributions more detailed information on the electronic band structure would be needed.
In Fig. 2 we give a more detailed temperature dependence zooming into the low- (left
panel) and the high-frequency (right panel) part Raman spectral range. In the PM state
there exist weak but detectable peaks at 205 and 261 cm−1 on the high energy side of the
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FIG. 2: The detailed temperature dependence of Raman spectra of YBaMn2O6 at low (left) and
high (right) energies. The spectra are vertically shifted for clarity.
major rotational modes at 183 and 235 cm−1. The 183- and 235-cm−1 modes disappear
at about TN=195 K while the 205- and 261-cm
−1 modes grow gradually in intensity upon
cooling and exhibit a maximum in intensity at the lowest measured temperature. Also, the
447-cm−1 bending mode is suppressed below TN while the 475-cm
−1 mode on the high energy
shoulder develops a three-peak structure. This points to the formation of a superstructure.
The 526-cm−1 Jahn-Teller mode is barely detectable in the metallic state. In the AFI state
it becomes intense while new modes are split from the major peak. This is the zone-folded
mode caused by the charge ordering. The 644-cm−1 breathing mode exhibits a similar
behavior (not shown here).
We likely relate the pairwise modes to two inequivalent MnO6 octahedra.
7 The Raman
scattering intensity is proportional to the partial derivative of the dielectric function with
respect to the amplitude of the normal mode. It is therefore hard to understand why
the scattering intensity of the normal modes of the two inequivalent MnO6 octahedra is
drastically different. Rather, we assign the former to the high-temperature metallic state
while the latter to the CO state. This is supported by the fact that the MnO6 octahedral
tilting increases from two- to three-tilt upon cooling through Tt.
7 The Mn-O bond lengths
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FIG. 3: Temperature dependence of Raman shift, linewidth, and normalized scattering intensity
of the 183, 205, 235, 261, 447, 468, and 526-cm−1 modes.
tend to shorten while the bond angles have a tendency to increase. This explains the larger
frequency of the low-temperature modes than those of the high-temperature ones as well as
the continuous increase of the scattering intensity of the low-temperature modes.
To analyze the anomalous features of the phonon modes quantitatively we fit them to
Lorentzian profiles. The resulting frequency, linewidth, and intensity of the representative
modes are summarized in Fig. 3. Here we note that for technical reasons we did not measure
the spectra in the temperature range 230− 290 K. However, this does not establish any ob-
stacle in extracting the main physics because the respective temperature range corresponds
to only to the CO state where all phonon parameters change smoothly (see below).
The phonon modes show a similar distinct temperature dependence. With decreasing
temperature the 205- and 261-cm−1 rotational modes (full circles and squares) undergo a
substantial hardening by 10 cm−1 down to 50 K and then exhibit a tiny softening. Their
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linewidth decreases monotonically with an indication for a saturation at temperatures below
about 50 K, well below the AFI state. The scattering intensity increases continuously
with a tendency for saturation in a similar temperature range. The 183 cm−1 mode (open
diamonds), which is the counterpart of the 205 cm−1 one, hardens and narrows upon cooling.
It disappears abruptly in the vicinity of the magnetic ordering at TN=195 K. The 235 cm
−1
mode (open triangle), which is the counterpart of the 261 cm−1 one, decreases quasi-linearly
in intensity and is hardly seen below 140 K. With lowering temperature its frequency is
shifted down by 4 cm−1 and its linewidth decreases with discernible anomalies at the phase
transition temperatures. We note that in the A-site disordered manganites the low-frequency
modes show no appreciable change.17
With decreasing temperature the 468-cm−1 bending mode hardens by 12 cm−1 and then
a slight softening follows towards lower temperatures. The linewidth and intensity exhibit a
kink at about TN = 195 K. Remarkably, the zone-folded modes are resolved just above the
AFI state. The counterpart 468-cm−1 mode is gradually suppressed at TN . The 526-cm
−1
Jahn-Teller mode becomes pronounced upon cooling and splits just below TN . This indicates
that the Jahn-Teller active Mn3+ ions grow in number. Overall, the phonon parameters show
weak anomalies at the phase transitions. In stead, the phonon anomalies evolve gradually
over almost the whole temperature range and all phonon modes exhibit a similar behavior.
This points to a concomitant variation of the octahedra tilting degree, Mn-O bond angles
and lengths with temperature as well as to a continuous evolution of the CO-OO state even
below TCO. Furthermore, we note that the scattering intensities behave like the resistivity
[Compare to Fig. 5 of Ref.7] and the temperature dependence of the linewidths resembles
that of the g-factor above TN [Compare to Fig. 3 of Ref.
18]. Since the g-factor scales with the
magnetic susceptibility in the studied compounds, we conclude that the correlation between
the linewidths and the g-factor evidences strong coupling lattice dynamics and spin degrees
of freedom.
In the following we will discuss the implication of our results with respect to the CO-OO
state. In the high-temperature metallic state above Tt a structural study shows that all Mn
lattice sites are equivalent.11 Furthermore, ESR measurements provide evidence for a highly
mobile polaronic hopping of the eg-electron system.
18 In spite of a screening of the phonon
modes by the conducting electrons, the Raman spectra are characterized by sharp peaks.
This signifies heavy distortions of the MnO6 octahedron. The more salient feature is that
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the main peaks of the metallic high temperature phase are accompanied by weak peaks,
which develop into strong peaks at lower temperatures. This suggests that a small fraction
of a local charge ordered state is still present in the background of the metallic state. Also
in a neutron scattering study a two phase region has been observed between Tt = 520 K
and TCO = 480 K. citeWilliams05b This is further supported by anomalies of the g factor
in ESR experiments, that indicate the presence of clusters of the high-temperature phase.18
Therefore we suggest that the phase separation is due to an intrinsic phenomenon and not
due to impurities or inhomogeneities.
In the CO state ESR shows a slowing down of the polaronic hopping processes and the
persistence of charge fluctuations down to T = 410 K.18 For TN < T < TCO our Raman
spectra give no hint for the presence of CO induced phonons. Instead, the coexistence
of metallic and CO states are observed similarly to observations in the metal-disordered
Nd1/2Sr1/2MnO3.
17 The retainment of the metallic state in the CO state might be due
to a kinetic energy gain of the eg electrons. Two conflicting models have been proposed
to describe the CO-OO state10,13: (i) a Mn3+/Mn4+ rock-salt-type charge order with a
ferro-orbital ordering of dz2-type Mn
3+ ions, or (ii) a Zener polaron ordering of four Mn
ferromagnetic plaquettes. Our method is not able to pin down the exact CO-OO pattern.
However, we can say that the CO-OO state between TN and TCO is more complex than the
two models.
Upon cooling through TN , a rearrangement of the orbital stacking pattern takes place.
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In the AFI phase zone-folded modes related to a superstructure appear while phonon modes
related the metallic state are suppressed. At the same time, the phonon modes undergo a
substantial softening, a narrowing of their linewidth and drastic increase of their scattering
intensity. This indicates that new CO-OO patterns are stabilized by the spin ordering. The
related strong spin-lattice coupling is confirmed by the observed substantial softening, which
is opposite to the expected hardening due to anharmonic lattice interactions.
To conclude, our Raman scattering study of the A-site ordered YBaMn2O6 show pro-
nounced phonon anomalies based on continuous and concomitant changes of the MnO6
octahedra tilting degrees, bond angles and lengths. We find evidence that in this compound
metallic and CO-OO states coexist between TN and TCO. Furthermore new CO-OO patterns
are stabilized below TN .
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